The aim of the research was to evaluate the effect of temperature during the treatment process as well as the effect of adding plant materials to sewage sludge on selected chemical properties and Vibrio fischeri response. The mixtures were placed in a chamber furnace, under airless conditions. Two temperature procedures were applied: 300 and 600ºC; the exposure time in both cases was 15 minutes. Thermal treatment of sewage sludge without a plant component is not well-founded and may cause an increase in concentration of trace elements. Using the temperature of 300ºC caused significantly lower changes in the contents of total forms of trace elements than using the temperature of 600ºC. The metals extracted from the studied mixtures were not toxic for the Vibrio fischeri. In the case of the fractional composition of humic compounds, thermal treatment of mixtures of sewage sludge and plant materials is not beneficial in terms of labile fractions, but it had a beneficial effect on stabilizing the durable bonds between C compounds in those mixtures.
Introduction
In recent years an increasing problem associated with the need to dispose of sewage sludge has been observed [1] . Management of municipal waste is one of the most challenging problems in many urban municipalities due to increasing waste volume with limited disposal areas, energy-consuming and high-cost treatment processes for disposal. The amount of sewage sludge deposited and stored temporarily at treatment plants or used in land reclamation, including for agricultural purposes, has decreased [2, 3] .
Depending on the origin, sewage sludge is difficult to recycle because it is characterized by significant amounts of heavy metals, organic toxins and pathogenic microorganisms that could constitute a contamination source for soil [4, 5] . Apart from the conventional methods used for sewage sludge disposal (such as landfilling, use in agriculture or incineration), using this product to obtain biochar can be the answer to the current problems related to sewage sludge reuse [2, [5] [6] [7] .
As a result of thermal treatment of sewage sludge, multidirectional changes in chemical compounds contained in these materials take place. Process parameters such as temperature, treating time, heating rate and feedstock particle size concern not only physical parameters of the material subjected to treatment, but also trace elements, humic compounds, and in consequence determine the potential use of biochar in agriculture [8] [9] [10] [11] [12] .
Most of the research on thermal treatment of sewage sludge has focused on energy and fuel quality [13] , carbon stability of biochar materials [14, 15] , improvement of soil biological properties and soil quality [16] , or on the effect of temperature on the final properties of biochar [11] . However, this research is predominantly focused on the analysis of biochar made from sewage sludge with varying properties and different temperatures. In such a case, characteristics of sewage sludge biochar are not known.
Taking into account the possibility of using such a type of materials, the issue of natural use can be considered, and in this aspect it is important to assess the forms of trace elements, particularly the most mobile ones which can easily get dispersed in the environment. Moreover, assessment of the impact the product of thermal treatment has on living organisms is also important. On the other hand, taking carbon sequestration into account, it is important to assess the impact of the process on the stability of humic compounds [11, 17, 18] .
It needs to be pointed out that, depending on temperature, a loss in organic matter takes place during thermal treatment of sewage sludge, which leads to an increase in the content of mineral components, including trace elements [11] . Better effects, not only in terms of the environment, but also in terms of technology, can be achieved after mixing sewage sludge with plant waste materials, such as cereal straw, sawdust or bark. The addition of these materials leads to dilution of the content of trace elements, and it also improves the conditions for conducting the thermal process by influencing the structure of the treated mass [19] .
As other authors have shown, biochar obtained from thermally treated mixtures of sewage sludge and plant waste may be considered to be a fertilizing material which, due to its beneficial physical properties, may be used environmentally [10, 12, [20] [21] [22] . However, there are also some reports evaluating the potential negative effects of biochar use [23, 24] . Therefore, before such a material is used for environmental purposes, one should evaluate the possibility of occurrence of adverse effects of its use [25] .
The aim of the research was to evaluate the effect of temperature during the treatment process as well as the effect of adding plant material to sewage sludge on selected chemical properties and Vibrio fischeri response.
Materials and methods

Characteristics of materials used in the research
The starting material for the research consisted of anaerobically stabilized, dehydrated sewage sludge collected at the Sewage Treatment Plant in Krakow. The treatment plant is equipped with a system of mechanical-biological sewage treatment. The plant materials used in the research came from the area of the Malopolska region (southern Poland).
Selected chemical properties of the sewage sludge and the plant materials are presented in Tables 1 and 2 . Each value represents the mean of three replicates ± standard deviation (SD) 
Preparation of the mixtures and the process of their thermal treatment
In order to improve physical properties, the sewage sludge was mixed with the plant materials. The preparation procedure of the mixtures was presented in the study of Gondek et al. [26] . The contents of dry matter and of selected trace elements in the mixtures that were not treated are presented in Table 3 . Table 3 The dry matter and ash in mixtures before treatment and residue after thermal treatment of mixtures Thermal processing of mixtures of sewage sludge with various plant additions was conducted under laboratory conditions, at a station designed for thermal processing of biomass at reduced air access (1-2%) [27] . Two temperature procedures were applied: 300 and 600ºC; the exposure time in both cases was 15 minutes (sample weight was 500 g d.m.). Selection of the temperature of 300ºC derived from the intention of using the product (biochar) in nature. It is assumed that the pyrolysis temperature should be 300ºC when using biochar for natural, including agricultural, purposes. The material obtained in this way has higher cation exchange capacity and higher content of stable carbon [28, 29] . On the other hand, the temperature of 600ºC was selected with the aim to verify the hypothesis that higher temperatures are more effective in removing organic compounds, e.g. PAHs. According to Guilloteau et al. [30] , lower efficiency of lower temperatures in removing PAHs is due to the retention of the compound particles in the pores of biochar. These authors stated that higher process temperature should result in gradual release of water and volatile components and, in consequence, opening of pores and release of PAHs. After completing the procedure, the materials were left in the furnace to cool (ambient temperature). After cooling, the materials were placed in a desiccator, and then weighed in order to determine the mass loss.
Material
The content of dry matter, ash and total and mobile forms of trace elements in the untreated sewage sludge and in the mixtures after thermal treatment
The dry matter content and ash determined according to the procedure described in Gondek et al. [26] and Hale et al. [28] . The total content of the studied trace elements was determined after incinerating 2 grams (weighed into quartz evaporating dishes) of the sample in a chamber furnace at 450°C for 12 hours. After cooling, the residue was treated with a mixture of concentrated nitric and perchloric (3:2) (v/v) acids, and then left at a room temperature for 24 hours. Then, after evaporation on a sand bath, the residue was treated with a 20% hydrochloric acid solution and heated (120°C) on a sand bath for 2 hours under watch glass. After cooling, the content was transferred quantitatively to 50 cm 3 flasks and filtrated through a qualitative filter [31] . The contents of Cr, Cu, Ni, Pb, Zn and Cd were determined in the obtained solutions using the ICP-OES method with the use of Perkin Elmer Optima 7300 DV apparatus.
The content of mobile forms of the studied trace elements in the untreated sewage sludge and in the mixtures, before and after thermal treatment, was determined after extraction with redistilled water. 1 g of an analytical sample of the materials (in four replications) was treated with 20 cm 3 of redistilled water and placed in a rotary agitator (36 revolutions per minute) for 24 hours. After that time, the extract was separated from solid parts by filtering the suspension through a qualitative filter to 25 cm 3 flasks. Determinations of the contents of the studied trace elements was carried out by the same method as determination of the total forms.
Humic compounds of the untreated sewage sludge and mixtures after thermal treatment
Extraction of humic acids was conducted using a 0.5 mol · dm -3 NaOH solution (Cex) (extraction for 24 hours). Carbon of humic acids (Cha) was separated from the extract by acidifying it with sulfuric acid to pH ~ 2. The carbon content in the individual fractions was determined by Tiurin method. The content of carbon of fulvic acids (Cfa) and non-hydrolyzing carbon (Cnh) was calculated from the difference of, respectively (1) and (2):
Ecotoxicity of the untreated sewage sludge and mixtures after thermal treatment
Acute toxicity of the extracts (1:20) was determined based on the measurement of luminescence intensity of Vibrio fischeri bacteria. Light emission of the bacteria is a function of the luciferase enzyme system, controlled by the lux genes, and light output is related to respiratory activity. The test uses reagents (V. fischeri) purchased from Strategic Diagnostics Inc. (Polish distributor, Tigret). A standard test procedure (81.9% Screening Test) was applied in the extract samples. The samples were analyzed in Microtox ® M500 analyzers [32] . The measurement of luminescence at 490 nm was carried out before and after 15 min incubation of the bacterial suspension with the studied samples, and then toxicity effect I [%] was calculated according to the equation:
; L s -the luminescence intensity of the studied sample; L c -the luminescence intensity of the control. Three replicate samples were tested.
Statistical computations
The standard deviation (SD) value was calculated for the obtained results, and in order to determine the diversification within the analyzed population the coefficient of variation (CV) was calculated as the share of standard deviation in the arithmetic mean of the analyzed properties. All statistical computations were conducted using Statistica PL package.
Results and discussion
Chemical composition of the materials
Wheat straw, sawdust, and bark, all of which were components for preparing the mixtures with sewage sludge, had a small amount of water, which was an important factor influencing the improvement of physical properties of the obtained mixtures [33] .
The content of the studied trace elements in the sewage sludge was conditioned by the type of treated sewage, which finds confirmation in other authors' test results [34] . The determined contents of the trace elements in the plant materials used in the research do not deviate from contents registered by other authors in these types of materials [35] . As a result of thermal treatment of the prepared mixtures, diversified values of the residue were obtained, depending on plant component that was used to prepare the mixture and on the temperature of the process (Table 3) . Less residue, regardless of the component added to the sewage sludge, was recorded for temperature of 600°C, which was a result of greater losses of substances that undergo oxidation at this temperature, including non-organic compounds [36] . Thipkhunthod et al. [37] and Hossain et al. [11] also obtained varied results concerning the residue after thermal treatment of different kinds of sewage sludge. As the quoted authors stated, differences in mass loss of the pirolyzed sewage sludge can result from quantitative and qualitative differences between components, including ash content and the temperature of pyrolysis process.
Total contents of the studied trace elements determined in the untreated mixtures presented in Table 4 . Regardless of the addition of plant material and of element, using a higher temperature (600°C) in the process caused a greater increase in the content of the studied trace elements (Figs. 1-3 ) in comparison to the content determined in the materials prior to the treatment (Table 4) . From the studied elements, Cu content in the mixtures with the addition of bark and sawdust changed the most in materials after thermal treatment, regardless of the used temperature. In the case of the addition of wheat straw to the sewage sludge, the highest increase in the content (regardless of the used temperature) was recorded for Cr and Cd, but at the temperature of 600°C. The total cadmium content increased the least in the mixture of sewage sludge and bark, regardless of temperature. In the case of using a temperature of 300°C for thermal treatment of the materials, the lowest increase in content (in comparison to the untreated mixtures) was recorded for lead in the mixtures with the addition of wheat straw and sawdust. On the other hand, at 600°C, the zinc content increased the least in the mixtures of sewage sludge and wheat straw and sawdust. As results from tests conducted by Hossain et al. [11] indicate, the content of trace elements increases during pyrolysis, depending on the used temperature, which corresponds to the mass loss. In the authors' own research, the used temperatures were 300 and 600°C. According to Song and Guo [29] , the suggested temperature, for agricultural purposes, of pyrolysis of materials should be approximately 300°C. In research conducted by Yachigo and Sato [38] , an increase in the temperature of pyrolysis caused a distinct increase in the content of zinc and copper in the obtained material, whereas no changes in the cadmium content were registered. As a result of conducting the process at temperatures of 300 and 600°C, no higher differences in the content of copper and nickel forms extracted with water were detected (Figs. 5 and 6 ). Standard deviation values calculated for the mean indicate that the obtained differences were within determination error limits. In the case of contents of lead, zinc and cadmium forms extracted with water (Figs. 4-6) , a distinct influence of temperature was found (regardless of component added to the sewage sludge), which was manifested by an increase in the content of Pb, Zn and Cd forms determined at 600°C. Only in the case of chromium no water-soluble forms were determined (Fig. 4) . Based on the obtained own results, the thermal treatment process favored the increase in contents of forms of some of the studied trace elements extracted with water. It resulted from a loss of unstable aliphatic bonds and formation of more stable aromatic bonds [39, 40] . According to Hossain et al. [11] , despite an increase in the total content of trace elements as a result of pyrolysis of sewage sludge, the content of bioavailable forms did not change significantly. Moreover, results from tests conducted by Mendez et al. [2] indicate that the pyrolysis process of sewage sludge at 500°C decreased the plant-available of Cu, Ni, Zn and Pb, the mobile forms of Cu, Ni, Zn, Cd and Pb and also the risk of leaching of Cu, Ni, Zn and Cd. More extensive characterisation of the chemical composition and physical properties of the analysed mixtures was presented in the study of Gondek et al. [26, 41] . 
Carbon content in the studied materials
It was found that the mixtures treated at the temperature of 600°C did not contain humic acid carbon (Table 5) . Table 5 The share of carbon of each fraction in total carbon content in sewage sludge and mixtures sewage sludge and plant materials after thermal treatment The content of fulvic acid carbon, regardless of the component added to the sewage sludge, was higher than the content of humic acid carbon. However, using the higher temperature (600°C) did not have a beneficial effect on the content of that fraction of organic matter.
The content of non-hydrolyzing carbon in the studied materials ranged from 97.2 to 99.8% of total C. Bottom values of the range concerned the content of non-hydrolyzing C in the mixtures treated at the temperature of 300°C. Research results of Réveillé et al. [42] indicate that maturity has a significant impact on the carbon distribution in individual fractions of humic compounds extracted from sewage sludge. Moreover, as the quoted authors observed, substances such as lipids may be, aside from treatment technology, of significant importance in this respect. The obtained research results indicate that in consequence of using the mixture of sewage sludge and organic materials we may increase the content of the fraction of organic substances that are difficult to hydrolyze, which may be of importance not only in terms of improving the properties of soils to which these materials had been introduced, but also in terms of sequestration of C.
Vibrio fischeri response
The research showed that the extracts prepared from the studied mixtures were non-toxic for Vibrio fischeri (Table 6 ). Moreover, stimulation of luminescence of the test organism was found. The extract samples showed negative mean values of toxicity. This means that luminescence intensity of V. fischeri increased after exposure to the extracts as a result of their lower toxicity compared with the reference medium (NaCl solutions). Inhibition of luminescence of V. fischeri at a level of 9% was found only in extracts from the sewage sludge (SS). In the literature, the stimulatory effect of sublethal or low concentrations of toxic chemicals on organism metabolism is referred to as hormesis [43] . At this point it must be highlighted that low concentrations of trace elements in the extracts were found in the research (Figs. 4-6 ). Table 6 Nontoxicity of extracts from the studied materials for Vibrio fischeri Hormesis has been found to be common in the widely used Vibrio fischeri luminescence bioassay [44] [45] [46] . Samples showing hormesis are currently non-toxic. Hormesis is a widespread phenomenon in the exposure to metals with luminescent bacteria, because the V. fischeri is generally less sensitive to metals than to plant and animal cells [47, 48] . In the research by Shen et al. [48] , a clear hormesis phenomenon was observed in all tested metals (Cu, Zn, Cd, Cr) at a low concentration under the condition of luminescence assay. Luminescence stimulation by exposure to zinc, cadmium, and chromium was also found in research by Christofi et al. [43] , who showed an enhancement of luminescence induced by low concentrations of these metals. Stimulation of V. fischeri bacteria luminescence was observed in the environmental research when analyzing samples of pore water from bottom sediments and river [49, 50] . In both cases, a low concentration of heavy metals in the studied samples was found. However, hormesis is rarely mentioned and accepted in mainstream toxicology [48] .
Conclusions
Findings from this work showed that adding a plant component to sewage sludge will have the effect of reducing the content of trace element in those mixtures. In comparison to the content that was determined in the mixtures prior to treatment, and also in comparison to the untreated sewage sludge, using the temperature of 300ºC caused significantly lower changes in the contents of total forms of the trace elements than using the temperature of 600ºC. The determined contents of forms of trace elements extracted with water from the thermally treated mixtures, regardless of temperature, were lower than the contents determined in the untreated sewage sludge.
Taking into account the fractional composition of humic compounds, thermal treatment of mixtures of sewage sludge and plant materials is not beneficial in terms of labile fractions, but it had a beneficial effect on stabilizing the bonds between carbon compounds in those mixtures.
Bioassays were demonstrated to be useful for detecting potentially ecotoxicological effects of biochar, not captured by the physicochemical limit values set in different biochar quality standards currently available, which do not provide guidance for application rates specific to soil or crop types. This is why ecotoxicological tests are proposed as important criteria to develop management recommendations. The trace elements extracted from the mixtures of sewage sludge and plant component will be non-toxic for Vibrio fischeri.
